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We have recently described GS 4071, a carbocyclic transition-state analog inhibitor of the influenza virus
neuraminidase, which has potent inhibitory activity comparable to that of 4-guanidino-Neu5Ac2en (GG167;
zanamivir) when tested against influenza A virus replication and neuraminidase activity in vitro. We now
report that GS 4071 is active against several strains of influenza A and B viruses in vitro and that oral GS 4104,
an ethyl ester prodrug which is converted to GS 4071 in vivo, is active in the mouse and ferret models of
influenza virus infection. Oral administration of 10 mg of GS 4104 per kg of body weight per day caused a
100-fold reduction in lung homogenate viral titers and enhanced survival in mice infected with influenza A or
B viruses. In ferrets, a 25-mg/kg dose of GS 4104 given twice daily reduced peak viral titers in nasal washings
and eliminated constitutional responses to influenza virus infection including fever, increased nasal signs
(sneezing, nasal discharge, mouth breathing), and decreased activity. Consistent with our demonstration that
the parent compound is highly specific for influenza virus neuraminidases, no significant drug-related toxicity
was observed after the administration of oral dosages of GS 4104 of up to 800 mg/kg/day for 14 days in
nonclinical toxicology studies with rats. These results indicate that GS 4104 is a novel, orally active antiviral
agent with the potential to be used for the prophylaxis and treatment of influenza A and B virus infections.

Influenza continues to be a serious health concern causing
substantial morbidity and mortality, particularly among very
young people, elderly people, and persons with chronic cardio-
vascular and respiratory diseases (22). Current options for the
prevention and treatment of influenza virus infections have
limitations. Vaccine development is only partially effective in
the control of influenza epidemics due, at least in part, to the
rapid change in the antigenic sites of the surface proteins of the
influenza virus (7). In addition, there is concern that it will not
be possible to generate and manufacture new vaccines rapidly
enough to protect against future pandemic influenza virus
strains, which arise due to major changes in the antigenic
determinants. Thus, effective antiviral agents would provide an
attractive therapeutic option, particularly in the event of the
occurrence of a pandemic strain. However, amantadine and
rimantadine, the only antiviral agents approved for the pro-
phylaxis and treatment of influenza A virus infections, are not
active against influenza B viruses, and their clinical utility is
limited by significant adverse side effects and the rapid emer-
gence of resistant strains in the clinical setting (11, 12). As a
result, there has been a great deal of interest in identifying
novel antiviral agents directed against influenza viruses.

Recent studies have demonstrated that the influenza virus

neuraminidase (sialidase), which is one of the two glycopro-
teins expressed on the virion surface, is a valid target for
antiviral intervention (23, 30, 31). This enzyme, which cleaves
terminal sialic acid residues from glycoproteins, glycolipids,
and oligosaccharides, is essential for influenza virus replication
and infectivity. It is thought that the influenza virus neuramin-
idase is required for elution of newly synthesized virions from
infected cells (21, 23, 24) and that it aids the movement of the
virus through the mucus of the respiratory tract (2, 19). The
influenza virus neuraminidase is an attractive antiviral target
because the enzyme active site is highly conserved among all
influenza A and B virus strains investigated (5, 6) and the
enzymatic mechanism of activity has been studied at the struc-
tural level (3, 4, 36, 42), facilitating the possibility of rationally
based drug design.

On the basis of X-ray crystallographic studies of the influ-
enza virus neuraminidase cocrystallized with sialic acid and the
unsaturated sialic acid analog Neu5Ac2en (1, 39, 40), several
sialic acid analogs have been synthesized and tested as poten-
tial inhibitors of this enzyme. Zanamivir (GG167; 4-guanidino-
Neu5Ac2en) (Fig. 1), the most potent of these sialic acid-based
inhibitors, is a selective inhibitor of influenza A and B virus
neuraminidases (15, 37, 40, 44). The efficacy of zanamivir has
been demonstrated with animal models of influenza virus in-
fection (30, 31) and in studies with humans (14, 16), and it is in
clinical development for the treatment of influenza A and B
virus infections. However, due to poor oral bioavailability and
rapid renal elimination, zanamivir is applied topically to the
respiratory tract via an intranasal spray or by inhalation (16, 30,
31).
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In an attempt to identify potentially orally bioavailable in-
fluenza virus neuraminidase inhibitors, we have designed and
synthesized a series of carbocyclic transition-state analogs in
which lipophilic side chains replace the polar glycerol moiety
of the sialic acid-based inhibitors such as zanamivir. Among
these, GS 4071 (18) (Fig. 1) is as potent an inhibitor of influ-
enza virus replication and neuraminidase activity as zanamivir.
GS 4071 lacks both the polar glycerol and guanidino groups
which are responsible for the high affinity of zanamivir for the
influenza virus neuraminidases but, rather, relies on strong
hydrophobic interactions between its 3-pentyloxy side chain
and an induced hydrophobic pocket (18) located in the region
of the enzyme active site occupied by the glycerol side chain of
sialic acid and the sialic acid-based inhibitors such as zanami-
vir. Because two highly polar groups, the guanidino and glyc-
erol functionalities, have been eliminated, we have postulated
that GS 4071 may be an orally available influenza virus neur-
aminidase inhibitor with antiviral activity comparable to that of
zanamivir. We now report our characterization of the potent
and selective in vitro activity of GS 4071 against several labo-
ratory-derived and recent clinical strains of influenza virus and
present evidence that oral administration of GS 4104 (Fig. 1),
an ethyl ester prodrug which is converted to GS 4071 in vivo (9,
20, 43), protects mice and ferrets against the effects of influ-
enza virus infection.

MATERIALS AND METHODS

Materials. GS 4071, GS 4104, and zanamivir were synthesized at Gilead
Sciences by previously published procedures (18, 41). L-(Tosylamido 2-phenyl)
ethyl chloromethyl ketone-treated trypsin was from Worthington Biochemicals
(Freehold, N.J.). Tissue culture medium and fetal bovine serum were from Irvine
Scientific (Santa Ana, Calif.), GIBCO Laboratories (Grand Island, N.Y.), or
Hyclone Laboratories (Logan, Utah). Purified neuraminidases from Vibrio chol-
erae and Clostridium perfringens were purchased from Boehringer Mannheim
(Indianapolis, Ind.). Frozen human liver was purchased from Keystone Skinbank
(Exton, Pa.). Unless otherwise stated, all other reagents were from Sigma Chem-
ical Co. (St. Louis, Mo.).

Cells and viruses. MDCK canine kidney cells, from the American Type Cul-
ture Collection (ATCC; Rockville, Md.), and MA-104 African green monkey
kidney cells, from BioWhittaker (Walkersville, Md.), were grown in Eagle’s min-
imum essential medium containing Earle’s salts and 10% fetal bovine serum.
Laboratory strains of influenza A and influenza B viruses were from ATCC and
were propagated in the allantoic cavities of fertilized pathogen-free hen eggs
(SPAFAS, Norwich, Conn.). The clinical isolates influenza A/Texas/36/91 (H1N1),
influenza A/Johannesburg/33/94 (H3N2), and influenza B/Harbin/07/94 were
provided by the Centers for Disease Control and Prevention (Atlanta, Ga.).
Influenza A/Johannesburg/33/94 was propagated in fertilized hen eggs. Influenza
A/Texas/36/91 and influenza B/Harbin/07/94 were propagated in MDCK cells by
using serum-free tissue culture medium containing trypsin at a final concentra-
tion of 10 U/ml and EDTA at a final concentration of 1 mg/ml. The influenza
A/NWS/33 (H1N1) virus used in the mouse studies was provided by K. W. Coch-
ran (University of Michigan, Ann Arbor) and was propagated in MDCK cells.
Parainfluenza virus type 3 (strain C243) was from ATCC and was propagated in
MA-104 cells in serum-free tissue culture medium. Newcastle disease virus
(strain NJ-Roakin) was from ATCC and was propagated in the allantoic cavities
of fertilized hen eggs.

Tissue culture assays. Plaque reduction assays were performed as described
previously (11, 18) with confluent monolayers of MDCK cells in six-well tissue
culture plates. The concentration of compound required to reduce the number of
plaques by 50% relative to the number of plaques in untreated wells (IC50) was
determined. Inhibition of viral cytopathic effect (CPE) assays were performed as
described previously (17) with confluent MDCK cells in 96-well microtiter plates.
IC50s were the concentrations of compound required to inhibit the extent of CPE
by 50% relative to the CPE observed in infected but untreated wells. Toxicity was
assessed in duplicate wells containing cells exposed to compound but not in-
fected with virus. All visual determinations of the extent of CPE were confirmed
on the basis of measurements of neutral red dye uptake (17).

Influenza virus neuraminidase enzymatic assay. Influenza virus neuramini-
dase enzyme activity was assayed by previously described modifications (18) to
the method of Potier et al. (26) in 100-ml reaction volumes containing 33 mM
MES [2-(N-morpholino)ethanesulfonic acid; pH 6.5] and 4 mM CaCl2 and with
the fluorogenic substrate 29-(4-methylumbelliferyl)-a-D-N-acetylneuraminic acid.
Briefly, equal volumes of inhibitor and virus were incubated at room temperature
for 30 min prior to the addition of substrate to a final concentration of 50 mM.
The reactions (100 ml) were stopped after 30 min at 37°C with the addition of 150
ml of 14 mM NaOH in 83% ethanol. Fluorescence was quantitated in a Perkin-
Elmer fluorimeter (model LS50B) with an excitation wavelength of 360 nm, an
emission wavelength of 448 nm, and slit widths of 2.5 nm. IC50s were taken to be
the concentration of inhibitor necessary to reduce the activity by 50% relative to
the activity in a reaction mixture containing virus but no inhibitor.

Experiments to determine Ki values for GS 4071 against influenza virus neur-
aminidase subtypes were performed in a similar fashion by using influenza
virions purified on sucrose gradients and solubilized with the addition of 0.2%
Nonidet P-40 (NP-40). Enzyme, in the form of solubilized virions, was preincu-
bated with GS 4071 or no inhibitor for 1 h at room temperature prior to the
addition of substrate and transfer of the reaction mixture to 37°C. Data obtained
at three time points within the linear rate of the reaction were used to determine
reaction velocities. A total of four inhibitor concentrations, including no inhib-
itor, and three substrate concentrations were used to calculate kinetic constants
based on Dixon plots (8) generated with the KinetAsyst program (Think Tech-
nologies). GS 4071 was a competitive inhibitor of all influenza virus neuramin-
idoses tested.

Enzymatic assay for non-influenza virus neuraminidases. Solubilized New-
castle disease virus, in allantoic fluid containing 0.1% NP-40, was used without
further modification as the source of enzyme. Tissue culture medium containing
parainfluenza virus, solubilized with the addition of NP-40 to a final concentra-
tion of 0.1%, was concentrated 10-fold with an Amicon stirred cell concentrator
fitted with an XM-30 membrane and was used as the source of parainfluenza
virus neuraminidase. Human liver neuraminidase was prepared as described
previously (10). Briefly, 5 g of human liver was homogenized in 4 volumes of
ice-cold isotonic buffer (10 mM Tris [pH 7.0], 250 mM sucrose), and the homog-
enate was centrifuged at 400 3 g for 15 min to remove nuclei and cellular debris.
The supernatant fraction was then centrifuged at 7,500 3 g for 1 h, and the
supernatant fraction of the second centrifugation was further centrifuged at
100,000 3 g for 1 h. The pellet from this third centrifugation was resuspended in
1 ml of isotonic buffer and was used without further modification as the “micro-
somal” fraction containing neuraminidase activity. The bacterial neuraminidases
were prepared according to the manufacturer’s specifications.

Newcastle disease virus neuraminidase activity was assayed under conditions
identical to those used for the assay of influenza virus neuraminidase activity.
Assays to determine the inhibitory activity of GS 4071 against neuraminidases
from human liver, parainfluenza virus, and bacterial sources were performed as
described above for the influenza virus enzyme, except that the reactions were
performed at the pH optima for these enzymes in a reaction buffer containing
50 mM sodium acetate (pH 4.6), 4 mM CaCl2, and, in the case of the bacterial
enzymes, bovine serum albumin at a final concentration of 100 mg/ml. The
fluorogenic substrate was included in all assays at a concentration comparable to
the Km value determined for each of the enzymes (500 mM for the parainfluenza
virus enzyme and 100 mM for the other enzymes). Reactions were carried out at
37°C over a time period during which the reaction velocities remained constant.
Reactions were stopped with the addition of 1.5 volumes of stop buffer contain-
ing 140 mM NaOH in 83% ethanol.

In vivo efficacy studies. Studies with mice were performed as described pre-
viously (32, 33). Briefly, female BALB/c mice (weight, 13 to 15 g) were infected
intranasally with a 90% lethal dose of mouse-adapted influenza A/NWS/33
(H1N1), influenza A/Victoria/3/75 (H3N2), or influenza B/Hong Kong/5/72 vi-
rus. GS 4104, prepared as an aqueous solution in saline, or saline alone was
administered by oral gavage twice daily for 5 days beginning 4 h prior to infec-
tion. Mice were observed daily for 21 days after infection for the occurrence of
death. In a separate study, groups of 6 treated mice and 10 untreated mice
infected with influenza A/NWS/33 (H1N1) virus were killed on days 1, 2, 4, and
6 postinfection, and their lungs were removed and assayed for virus titer as
described previously (33).

Adult ferrets (average weight, 1.4 kg) were inoculated intranasally with 106

50% egg infective doses of the influenza A England/939/69 (H3N2) [R] clone 7a
virus, a reassortant of influenza A/Puerto Rico/8/34 and influenza A/England/
939/69, as described previously (38). GS 4104 was administered twice daily for 3
days beginning 2 h after inoculation with the virus. Clinical signs of infection

FIG. 1. Structures of zanamivir, GS 4071, and GS 4104. Ac, acetyl.
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(including fever, activity, nasal signs [sneezing, nasal discharge, mouth breath-
ing], and inflammatory cell counts in nasal washings), as well as virus titers in
nasal washings, were determined as described previously (29, 38).

Toxicological studies. Sprague-Dawley rats (age, 5 to 7 weeks; Simonsen
Laboratories, Gilroy, Calif.) received once-daily doses of GS 4104 (40, 160, or
800 mg/kg of body weight per day) or sterile water via oral gavage (10 ml/kg of
body weight) for 14 consecutive days. Animals were observed daily for clinical
signs of toxicity during the dosing phase. Twenty-four hours after administration
of the final dose, blood was withdrawn for analysis of clinical chemistry and
hematology parameters. Animals were then killed and were further evaluated for
signs of toxicity. Evaluations consisted of measurements of body and organ
weight changes, gross necropsy findings, and histopathological assessment of at
least 14 preselected tissues.

RESULTS

GS 4071 is a specific inhibitor of influenza virus replication
and neuraminidase activity in vitro. GS 4071 was tested for its
ability to inhibit the replication of several strains of human
influenza virus in tissue culture by two assays: a plaque reduc-
tion assay and a CPE assay. Zanamivir was included in all
experiments as a control. Neither compound showed any signs
of cellular toxicity even at 1 mM, the highest concentration
tested.

As indicated in Table 1, GS 4071 is a potent inhibitor of the
growth of influenza A (H1N1), influenza A (H3N2), and in-
fluenza B viruses, with IC50s comparable to those of zanamivir
for both the laboratory strains and the recent clinical isolates.
Interestingly, GS 4071 appears to be a particularly potent in-
hibitor of the growth of influenza A (H3N2) viruses, with IC50s
consistently below those of zanamivir. To directly test the in-
hibitory activity of GS 4071, the susceptibilities of the neur-
aminidases from the different virus strains were tested in an in
vitro enzymatic assay. As indicated in Table 1, the neuramin-
idases of all the viruses tested were sensitive to GS 4071, with
IC50s comparable to those of zanamivir. Consistent with its
observed potency against influenza A (H3N2) viruses in tissue

culture, GS 4071 was a more potent inhibitor of the N2 neur-
aminidases than zanamivir.

GS 4071 inhibited both virus replication and neuraminidase
activity for all influenza virus subtypes tested. However, com-
pared to enzymatic inhibition, there was considerably more
variability in the susceptibility to both GS 4071 and zanamivir
in tissue culture assays (Table 1). A similar observation, par-
ticularly among recent clinical isolates, has previously been
reported for zanamivir (15, 44). Importantly, the in vivo sus-
ceptibilities of different influenza virus isolates to zanamivir
have been shown to correlate with their susceptibilities in the
enzymatic assay, not the culture assay (25, 44). These results
indicate that the tissue culture assay cannot necessarily be used
to predict the relative susceptibilities of different isolates to a
given neuraminidase inhibitor, although it can be used to com-
pare the susceptibility of a single isolate to different neuramin-
idase inhibitors.

The specificity of GS 4071 as an influenza virus neuramini-
dase inhibitor was investigated by determining its inhibitory
activity against neuraminidases from a variety of sources in an
in vitro enzymatic assay. As indicated in Table 2, the Ki values
for GS 4071 against the influenza virus neuraminidases ranged
from 2 3 10210 to 1.2 3 1029 M. Consistent with observations
obtained in tissue culture assays, GS 4071 was a particularly
potent inhibitor of the N2 neuraminidase subtype. However,
GS 4071 was at least a 106-fold less potent inhibitor when it was
tested against neuraminidases from other sources, including
those of parainfluenza virus type 3 and Newcastle disease virus,
which share homology with the influenza virus neuraminidases
in their enzyme active sites (6), with little or no activity at con-
centrations up to 1 mM. Importantly, 1 mM GS 4071 did not
inhibit neuraminidase activity in the “microsomal” fraction of
human liver.

Oral administration of GS 4104, a prodrug of GS 4071, pro-
tects mice and ferrets against the effects of influenza virus in-
fection. Although GS 4071 was initially designed with the goal
of maintaining potency while increasing the likelihood of being
orally bioavailable, initial experiments demonstrated that the
oral bioavailability of GS 4071 in rats was low and was similar
to that of zanamivir (20). However, oral administration of GS
4104 (Fig. 1), an ethyl ester prodrug of GS 4071, produced high
and sustained concentrations of GS 4071 in the plasma of the
four animal species tested (20), including mice and ferrets,
which are commonly used to test the efficacies of anti-influenza
virus compounds.

On the basis of the favorable pharmacokinetic profile ob-

TABLE 1. GS 4071 inhibits the replication and neuraminidase
activity of influenza A and B viruses in vitro

Virus

IC50
a (nM) of

GS 4071
IC50 (nM) of

zanamivir

Culture
assayb

Enzymatic
assayc

Culture
assay

Enzymatic
assay

Laboratory strains
A/WS/33 (H1N1) 22 1.0 19 0.7
A/FM/1/47 (H1N1) 24 NDd 20 ND
A/Victoria/3/75 (H3N2) 0.6 0.5 3.5 1.7
A/Port Chalmers/1/73 (H3N2) 0.8 0.3 3.1 1.1
B/Mass/3/66 117 0.8 90 1.7
B/Hong Kong/5/72 155 1.7 150 1.0

Clinical isolates
A/Texas/36/91 (H1N1) 94 0.5 70 0.3
A/Johannesburg/33/94 (H3N2) 40 0.8 241 4.6
B/Harbin/07/94 91 2.0 30 2.1

a IC50s are taken to be the concentration of compound necessary to reduce the
plaque number or the extent of cell killing by 50% in tissue culture assays or the
enzymatic activity by 50%, relative to duplicate samples assayed in the absence
of inhibitor.

b Replication in tissue culture was determined by a plaque reduction assay for
the laboratory strains and by a CPE assay for the clinical isolates. Values rep-
resent the means obtained from at least three independent experiments except in
the case of A/Johannesburg/33/94 (H3N2) which was tested only twice.

c Enzymatic assays were performed as described in the text with tissue culture
medium harvested from cultures in which full cell death occurred. Values rep-
resent the means of two independent experiments.

d ND, not determined.

TABLE 2. GS 4071 is a selective inhibitor of
influenza virus neuraminidases

Neuraminidase source Ki (mM)

Influenza virus
A/PR/8/34 (H1N1) ................................................................ 0.0005
A/Victoria/3/75 (H3N2)........................................................ 0.0002
B/Lee/40 ................................................................................. 0.0012

Human liver ................................................................................500

Viral
Parainfluenza virus.................................................................500
Newcastle disease virus .........................................................500

Bacterial
C. perfringens.......................................................................... 370
V. cholerae ...............................................................................500
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served for the prodrug, the efficacy of orally administered GS
4104 was tested in the mouse and ferret models of influenza
virus infection. In the mouse influenza virus infection model,
the virus inoculum initially infects the lower respiratory tract
(28, 45). Viral replication then proceeds in the respiratory
epithelium, causing an immune response which eventually
leads to the development of pneumonia and, ultimately, death.
The efficacy of orally administered GS 4104 in this model was
evaluated on the basis of the survival rate, measured at 21 days
postinfection, for treated, infected animals relative to that for
untreated, infected (control) animals. Oral administration of
GS 4104 provided protection against the lethal effects of influ-
enza A/NWS/33 (H1N1), influenza A/Victoria/3/75 (H3N2),
and influenza B/Hong Kong/5/72 virus infection in a dose-
dependent fashion (Table 3). For each of the viruses, a 10-mg/
kg/day oral dosage of GS 4104, administered beginning 4 h
prior to infection and continuing for 5 days, provided nearly
complete protection against the lethal effects of each of the
viruses, whereas the majority of the control animals died, with
mean times to death of between 9 and 11 days postinfection.
Lower doses of GS 4104 also increased the survival rates for
infected animals, although the effect was only significant for
the mice infected with the influenza A (H1N1) virus or the
influenza B virus. No signs of drug-related toxicity were ob-
served in any of the animals treated with GS 4104.

The effect of GS 4104 treatment on virus replication was also
tested in mice infected with the influenza A/NWS/33 (H1N1)
virus. In addition to increasing the survival rates for the in-
fected animals, oral administration of GS 4104 caused a de-
crease in the virus titers detected in lung homogenates of these
animals (Fig. 2). Virus titers in the lungs of untreated animals
increased rapidly, reaching a maximum of 107.6 50% tissue
culture infective doses (TCID50s) on day 4 after infection.
Mice treated with a 10-mg/kg/day dosage of GS 4104, which
was sufficient to completely protect the mice against the lethal
effects of infection with this virus, had at least a 100-fold
decrease in peak virus titers in their lungs and substantial
reductions in virus titers in their lungs on each of the days
tested. On the basis of measurements of the area under the
virus titer-day curves for days 1 through 6, the 10-mg/kg/day
dosage of GS 4104 reduced the virus titers in the lungs by

almost 2 logs relative to those in infected, untreated animals.
These results demonstrate that GS 4104, administered orally,
has potent antiviral activity in vivo.

In the ferret model, infected animals develop a self-limited
disease with signs similar to those observed clinically in hu-
mans: fever, increased nasal signs (sniffles, discharge, breath-
ing by mouth), and general lethargy. The febrile response
caused by the virus used in these experiments begins about 15 h
after infection and lasts approximately 36 h. Twice-daily oral
administration of either 5 or 25 mg of GS 4104 per kg for 3
days beginning 2 h after infection caused a substantial reduc-
tion in the febrile responses of infected animals, with the two
doses causing 58 and 93% reductions, respectively, in the area-
under-the-curve measurement for the increase in body tem-
perature over the baseline values compared to those for the
infected, untreated control animals (Fig. 3A). Oral adminis-
tration of GS 4104 also effectively blocked the other signs of
virus infection in this model; treated animals exhibited no
increase in nasal signs (sneezing, nasal discharge, mouth
breathing) or decrease in activity.

In contrast to the infection which occurs in mice, influenza
virus infection in ferrets is primarily limited to the upper re-
spiratory tract (27). Virus replicates in the nasal epithelium,
with the virus titers recovered in nasal washes reaching peak
values of 104 to 105 TCID50s/ml at 30 h postinfection and then
dropping rapidly. Although GS 4104 treatment did not reduce
the areas under the curves for the virus titers in nasal washes
over the course of the infection, the 5- and 25-mg/kg oral doses
of GS 4104 did reduce peak virus titers two- and eightfold,
respectively, with the eightfold drop being significant (P ,
0.01) (Table 4). GS 4104 treatment also caused a decrease in
the inflammatory response at the site of the infection. In un-
treated, infected animals the number of inflammatory cells in
nasal washings increased to levels approximately 100-fold
above those in uninfected animals by 24 h postinfection, and
these levels were sustained for at least an additional 72 h.
Animals treated with GS 4104 exhibited only 1/10 of the in-
crease in the peak number of inflammatory cells in the nasal
washings and a more rapid return to preinfection levels (Fig.
3B). The effect on the inflammatory response was specific for

FIG. 2. Oral administration of GS 4104 causes a reduction in the virus titers
in the lungs of mice infected with influenza A/NWS/33 (H1N1) virus. Virus titers
in lung homogenates of animals sacrificed at the indicated times after infection
were determined as described in Materials and Methods for infected mice given
oral dosages of 10 mg of GS 4104 per kg per day (E) or saline (F). Values are
means 6 standard deviations for at least six animals.

TABLE 3. Oral administration of GS 4104 protects mice
against a lethal challenge with influenza virus

Virus Dosage
(mg/kg/day)a

No. of survivors/
total no.

%
Survivors

A/NWS/33 (H1N1) 10 8/8b 100
1 7/8c 88
0.1 2/8 25
0d 2/16 13

A/Victoria/3/75 (H3N2) 10 8/8c 100
1 5/8 63
0.1 3/8 38
0d 5/16 31

B/Hong Kong/5/72 10 8/10c 80
3.2 9/10c 90
1 1/10 10
0d 2/18 11

a GS 4104 was administered orally twice daily for 5 days beginning 4 h prior to
infection with the indicated influenza virus.

b P , 0.001 compared to control animals in the same experiment.
c P , 0.01 compared to control animals in the same experiment.
d Control.
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influenza virus infection since GS 4104 had no effect on the
inflammatory response in ferrets given endotoxin as a nonspe-
cific stimulator of inflammation (17a).

GS 4104 is well tolerated in animal models. No sign of
drug-related toxicity was detected in the animals used in the
efficacy studies. However, a more complete evaluation of the
nonclinical toxicity of GS 4104 was performed with rats. GS
4104, even at dosages as high as 800 mg/kg/day for 14 consec-
utive days, which are at least 50-fold higher than the dosages
needed to protect mice against the lethal effect of influenza
virus infection, was not associated with any drug-related tox-
icity.

DISCUSSION
We have previously reported on the design and synthesis of

a series of carbocyclic transition-state analog inhibitors of the
influenza virus neuraminidase (18). These compounds, which,
among other changes, replace the polar glycerol moeity of the
sialic acid-based inhibitors with lipophilic side chains and re-

place the guanidino group of zanamivir with an amino group,
were designed with the intent of identifying potent influenza
virus neuraminidase inhibitors which have the potential of
being orally bioavailable. One compound from this series, GS
4071, was found to be as potent an inhibitor of influenza A
(H1N1) virus neuraminidase activity and virus replication in
tissue culture as zanamivir (18). In this report we have dem-
onstrated that the ability of GS 4071 to specifically inhibit the
in vitro replication and neuraminidase activities of several lab-
oratory strains and recent clinical isolates of human influenza
A (H1N1) and influenza B viruses is similar to that of zana-
mivir and that GS 4071 is more potent than zanamivir when
tested against influenza A (H3N2) virus. Recently, analogs of
zanamivir containing alkylcarboxyamide side chains have been
reported to be potent inhibitors of influenza A virus replication
in vitro even without the guanidino substitution (35). However,
in marked contrast to the results obtained for GS 4071, these
zanamivir analogs are selective inhibitors of influenza A virus
neuraminidase, with poor activity against influenza B virus
neuraminidase (34, 35).

Although GS 4071 itself has low oral bioavailability, oral
administration of GS 4104, an ethyl ester prodrug of GS 4071,
did result in high, sustained levels of GS 4071 in the plasma of
mice and ferrets, with calculated oral bioavailability values of
30% for mice and 11% for ferrets (20). For both species, the
levels of GS 4071 in plasma remained above 100 nM, a con-
centration which substantially inhibits virus replication in tis-
sue culture, for approximately 12 h. Even at 24 h postdosing,
the levels of GS 4071 in plasma remained approximately 40
times higher than those required to inhibit influenza virus
neuraminidases in vitro (Ki, ;1 nM). A similar pharmacoki-
netic profile for GS 4071 following oral administration of the
prodrug was also seen in rats (bioavailability 5 35%) and dogs
(bioavailability 5 73%) (20) and in humans (43).

Importantly, high concentrations of GS 4071 (concentra-
tions comparable to those observed in plasma) were also de-
tected in bronchoalveolar lavage samples from rats given an
oral dose of GS 4104 (9). This observation demonstrates that
oral administration of the prodrug effectively delivers GS 4071
to the secretions of the lower respiratory tracts of experimental
animals. Given that natural influenza virus infection in humans
commonly involves the lower respiratory tract (30), oral ad-
ministration of the prodrug appears to be an effective means of
delivering GS 4071 to this site of infection.

Consistent with the potent in vitro activity and favorable
pharmacokinetic profile of this compound, GS 4104 was active

FIG. 3. Oral administration of GS 4104 reduces the febrile and inflammatory
responses of ferrets infected with an influenza A (H3N2) virus. (A) The change
in rectal temperature relative to the baseline temperatures obtained for the same
animals prior to infection was determined at the indicated times after infection.
(B) The total number of inflammatory cells was determined in nasal wash
samples obtained from infected animals at the indicated times after infection.
Ferrets were left untreated (3) or were treated twice daily with oral doses of GS
4104 of 5 mg/kg (E) or 25 mg/kg (F) for 3 days beginning 2 h after infection with
influenza virus clone 7a. Values are means 6 standard deviations for four
animals.

TABLE 4. GS 4104 reduces peak nasal virus titers in
ferrets infected with influenza A virus

Time (h)
postinfection

Nasal wash virus titer (log10 TCID50s/ml)a

Untreated GS 4104
(25 mg/kg)

GS 4104
(5 mg/kg)

12 0.29 6 0.81 0.21 6 0.60 0.29 6 0.83
24 0.31 6 0.87 0.00 6 0.00 0.00 6 0.00
30b 4.70 6 0.30 3.83 6 0.29 4.46 6 0.35
36 4.14 6 0.34 2.91 6 0.53 3.70 6 0.45
48 3.59 6 0.42 3.62 6 0.38 3.18 6 1.31
54 2.35 6 1.49 3.20 6 0.48 1.89 6 1.68
60 3.03 6 0.84 2.24 6 0.53 2.78 6 0.68
72 3.14 6 0.86 2.33 6 1.07 2.53 6 0.97
78 2.49 6 1.31 2.49 6 1.32 2.50 6 1.18

a Data represent the means 6 standard deviations for duplicate measurements
with the nasal wash samples obtained from four animals.

b Peak virus titers were detected at 30 h postinfection.
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in animal models of influenza virus infection. In the mouse
model a 10-mg/kg/day dosage of GS 4104 administered for 5
days beginning 4 h prior to infection provided complete pro-
tection (or near complete protection in the case of mice in-
fected with influenza B virus) against mortality due to the
infection. In separate experiments, GS 4104 was also effective
in the mouse model when treatment was initiated as late as
60 h after infection (31a). The in vivo antiviral activity of GS
4071 is evident from its ability to cause a substantial reduction
in the viral titers in the lungs of infected animals. GS 4104 was
also active in the ferret influenza virus infection model follow-
ing oral administration of GS 4104. In infected animals, a
25-mg/kg dose of GS 4104 effectively abrogated all constitu-
tional signs of the infection, including the characteristic febrile
response. The numbers of inflammatory cells, as well as peak
viral titers, detected in the nasal washings of infected animals
were also lower in the treated animals. More recently, early
oral treatment with GS 4104 has also been associated with
significant clinical efficacy and an antiviral effect in experimen-
tal influenza A virus infection in humans (13).

In summary, we have demonstrated that GS 4071 is a specific
and potent inhibitor of the replication and neuraminidase ac-
tivity of influenza A (H1N1), influenza A (H3N2), and influ-
enza B viruses, with in vitro activity comparable to that of
zanamivir. We have further demonstrated that oral adminis-
tration of GS 4104, a prodrug of GS 4071, produced high,
sustained plasma GS 4071 levels in animals (20) and that oral
administration of GS 4104 resulted in a dramatic therapeutic
response in the mouse and ferret models of influenza virus
infection. On the basis of these results and preliminary animal
toxicity data, we conclude that GS 4104 is a novel, orally active
antiviral agent with the potential to be effective for the pro-
phylaxis and treatment of influenza A and B virus infections in
humans.
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